Theory predicts that when sperm compete numerically, selection will favor males who vary the number of sperm they transfer with the immediate level of sperm competition. In this study, I measured male mating investment in response to both female mating status (virgin vs. mated) and the number of foreign sperm stored by females in a previous mating in the scorpionfly Panorpa cognata. Female sperm storage was manipulated by interrupting copulations at different time points. Female mating status did not significantly influence male mating investment, but resource-limited males invested strategically in relation to the amount of sperm stored by females in a previous mating. I found continuously decreasing male investment in response to increasing amounts of competing sperm. These results demonstrate an unprecedented male ability to assess the number of sperm stored by females.
Sperm competition is a strong selective force that will influence many aspects of both males' and females' reproductive behavior (Parker 1970; Eberhard 1996; Simmons 2001; Wedell et al. 2002; Arnqvist and Rowe 2005) . When females copulate with two or more males, the sperm from those males will compete for fertilizations within the females' reproductive tract (Parker 1970; Birkhead and Møller 1998; Simmons 2001) . Under numerical sperm competition, the more sperm a male inseminates, the larger proportion of offspring he is likely to sire (Dziuk 1996; Gage and Morrow 2003) . It is thus well established that males in many species respond to a higher average risk of sperm competition by an increased allocation of resources to sperm production (see Parker et al. 1997; Engqvist and Reinhold 2005) . Nevertheless, ejaculate production costs are nontrivial and males will have to conserve some resources for future matings (Dewsbury 1982; Nakatsuru and Kramer 1982; Pitnick and Markow 1994; Olsson et al. 1997) , selecting for strategic male ejaculation (Parker 1998; Wedell et al. 2002) . In many instances, the level of sperm competition is likely to differ between matings. Some females may be more likely to remate or have mated with other males than other females, and this will considerably affect the fertilization gain of male sperm investment. It is therefore predicted that males should tailor their investment in matings in response to the expected level of sperm competition in the subsequent raffle for fertilizations (Parker et al. 1996 . Strategic ejaculation in relation to the risk of sperm competition have been widely documented (Wedell et al. 2002) , and it has been shown that males are able to assess these differences in immediate sperm competition risk using visual (Gage 1991; Olsson 2001; Zbinden et al. 2003) , olfactory (delBarco-Trillo and Ferkin 2004) , or chemosensory (Siva-Jothy and Stutt 2003) cues.
Matings may differ not only in the probability that sperm competition will occur but also in the intensity defined as the amount of competing sperm or ejaculates. If males are certain of sperm competition, they should respond to an increased intensity of sperm competition by investing less sperm in a mating (Parker et al. 1996) . The cause for this somewhat counterintuitive prediction is that the marginal fitness increase per additional sperm invested will be lower the more rival sperm is competing (Parker et al. 1996) . In analogy with a lottery, the value of buying extra tickets in a raffle for a fixed prize becomes greater the fewer the competitors (Parker 1998 ). Thus, it should pay males to conserve sperm in raffles with high sperm competition intensity for future matings with less intense sperm competition, provided that such raffles are not too rare and the costs of searching and achieving further matings are relatively low. There are some evidence, although ambiguous (see Fuller 1998; Schaus and Sakaluk 2001; Pilastro et al. 2002; Wedell et al. 2002; Pizzarri et al. 2003; Engqvist and Reinhold 2005) , that males decrease sperm investment in matings with increasing sperm competition intensity (Simmons and Kvarnemo 1997; Smith et al. 2003; delBarco-Trillo and Ferkin 2006) , supporting this theoretical prediction. The intensity of sperm competition may be assessed by the number of potential competitors in the immediate vicinity (Fuller 1998; Schaus and Sakaluk 2001; Pilastro et al. 2002; Pizzarri et al. 2003; Smith et al. 2003) , which may be a good estimation at least for species with external fertilizations (but see discussion in Engqvist and Reinhold 2005) . For internal fertilizers, on the other hand, the number of sperm transferred by previous mates may provide a better estimation but few studies have considered male response to variation in female sperm storage. In studies of butterflies and moths, it has been shown that if differences in rival sperm amount are substantial, males react to these differences by differential sperm allocation (Cook and Gage 1995; Wedell and Cook 1999) . However, both these studies found increased male ejaculate size in response to an increased amount of sperm stored by females.
In the present study, I determined whether male scorpionflies of the species Panorpa cognata (Insecta, Mecoptera) are able to assess and respond strategically both to the presence of competing sperm and differences in the amount of foreign sperm stored by females during an initial copulation. Females of this species often mate with several males (Engqvist and Sauer 2003b ) and the sperm competition mechanism largely conforms to a "fair raffle" of sperm , which seem to be the general pattern of sperm precedence in Panorpa scorpionfly mating systems (see also Sauer et al. 1998 Sauer et al. , 1999 Kock et al. 2006) . Before matings, males provide females with a nuptial gift, on which females feed on during copulation. Males occasionally may offer females a prey item but more frequently, a salivary secretion is provided as nuptial gift (Engqvist and Sauer 2003b) . The duration of the copulation is to a large extent determined by the size of this salivary mass (Engqvist and Sauer 2001) . Furthermore, there is a strong association between copulation duration and female sperm storage as sperm transfer is continuous during copulation (Sauer et al. 1997; Engqvist and Sauer 2003a; ). Individual males may thus influence copulation duration, sperm transfer, and fertilization success by changing the size of the offered salivary secretion. Males produce and store saliva in their salivary gland. Saliva production is strongly dependent on male food intake and, correspondingly, highly influenced by nutritional condition. Food-resource-limited males have thus a very limited amount of saliva in their glands and high marginal costs of sperm transfer (cf. Engqvist and Sauer 2001; Engels and Sauer 2006) . Hence, this species offers some major benefits to study sperm allocation. First of all, sperm compete numerically , which is an assumption underlying most theoretical models concerning optimal sperm allocation (Parker 1990; Parker et al. 1996 Parker et al. , 1997 Reinhold et al. 2002; Engqvist and Reinhold 2006) . Second, male resources necessary for sperm transfer are highly limited, a prerequisite for male strategic mating investment. In addition, it is easy to quantify both mating investment and available resources by measuring the size of the salivary mass (investment) and the size of the salivary gland (resources), respectively. As a major benefit, this is an accurate estimate of male-intended mating investment (see also Engqvist and Sauer 2001) , in contrast to measures of investment that are made during or after mating, which are potentially confounded by female actions during copulation. Finally, it is easy to manipulate female sperm storage, and thus competing sperm amount, by controlling copulation duration.
The aim of this study was to quantify male mating investment both in response to the mating status of females and in response to the amount of sperm stored by females in a previous mating.
Materials and Methods
All animals used were F 1 offspring from animals caught near Freiburg im Breisgau in southwestern Germany in May 2004. Larvae were reared using standard breeding protocols (Sauer 1970 (Sauer , 1977 Thornhill and Sauer 1992; Engqvist and Sauer 2003a ) on a 18L:6D photoperiod enabling diapause-free development. Adult scorpionflies emerged in August 2004.
To measure male mating investment in relation to female mating status, males were randomly assigned to mate with an already mated female or with a virgin female. All females were held on identical standardized diets consisting of a one-segment piece of mealworm (Tenebrio molitor) every third day Sauer 2001, 2003a) . Between the age of 14 and 16 days females who were assigned to be used as mated females were mated to a first male. To estimate male mating investment in relation to female previous copulation duration and, thus, the amount of sperm stored by females, these copulations were randomly assigned to be uninterrupted or to be interrupted after 90, 120, 150, or 180 min. The mean ± SD copulation duration of uninterrupted matings amounted to 215.2 ± 68.3 min. Totally, 33 females were used as mated females. Twenty females were designated to interrupted copulations, five in each group, and the rest to uninterrupted copulations. In scorpionflies, there is strong evidence of a continuous sperm transfer during copulation (Sauer et al. 1997; Engqvist and Sauer 2003a; ). Interruption of copulations has no influence on the rate of sperm transfer (Engqvist and Sauer 2003a; ). Furthermore, the rate of sperm transfer does not seem to change during copulation, resulting in an approximate linear relationship between copulation duration and female sperm storage (Engqvist and Sauer 2003a) . Copulation duration is therefore a good indicator of sperm transfer and the described actions will thus generate an experimentally controlled gradient in the amount of sperm stored by females, where sperm storage will be directly proportional to previous copulation duration. Males used in these initial matings were all well fed to guarantee that they are able to produce the amount of saliva required for the prescribed copulation duration. Only one male thus failed to do so (140 instead of 180 min). On the following day, females were allowed to mate again, this time with a male fed on a restricted diet (a one-segment piece of a mealworm every sixth day only), thus, with a highly limited amount of saliva available Sauer 2001, 2002b) . Just after salivary mass production but before the onset of copulation, pairs were interrupted and separated. Mating trials with virgin females were performed identically. The dry weight of the produced salivary mass was measured to the nearest 0.001 mg as described elsewhere (Engqvist and Sauer 2001) . To estimate the amount of saliva available to males, their salivary glands were dissected out. Males were immediately killed under anesthesia and transferred to tubes containing 70% ethanol, in which they were held until preparation. The preparation and measurement of salivary glands followed standard protocols (Engqvist and Sauer 2001) . The measurement of salivary masses and glands were both performed blindly. To estimate the amount of saliva in the salivary gland before copulation, I added the weight of the produced salivary mass to the weight of the dissected salivary gland as described elsewhere (Engqvist and Sauer 2001; Engels and Sauer 2006) .
STATISTICAL ANALYSIS
Salivary mass weight of males mated to virgin and mated females was analyzed using an analysis of covariance (ANCOVA), whereas a multiple regression was used to analyze salivary mass weight in matings with females with different amount of sperm stored. The amount of saliva produced by males in a mating has previously been shown to be influenced by the amount of saliva stored in the salivary gland Sauer 2001, 2002b) . In addition, in matings with females in better condition, males provide larger salivary masses Sauer 2001, 2002b) . I therefore used both salivary gland size and female weight as covariates in all analyses.
Results
First, I measured male mating investment in relation to whether females had mated previously or not. I found that males produced slightly larger salivary masses prior to matings with mated females (0.826 ± 0.034 (SE), mg; n = 33) than with virgin females (0.778 ± 0.027 mg, n = 52), but this difference was not statistically significant (ANCOVA: F 1,81 = 1.85; P = 0.18; Fig. 1A ). However, there was a significant negative relation between the copulation duration of females in a previous mating and second males' mating investment (multiple regression: partial r = −0.37; t 29 = −2.59; P = 0.015; Fig. 1B) . Including a quadratic term of copulation duration did not significantly improve the model (F 1,28 = 0.25, P = 0.62), indicating a constant slope (b = −1.18 ± 0.46 g/min). During the experiment, one of the females initially assigned to mate for 180 min actually only mated for 140 min. These data points were included in the multiple regression (as an uninterrupted mating with copulation duration 140 min). Excluding it would not change the results qualitatively (partial r for previous copulation duration on mating investment of focal male: −0.37; t 28 = −2.55; P = 0.017).
Discussion
In summary, this study has demonstrated that male P. cognata scorpionflies respond to an increased number of competing sperm by a continuously decreasing mating investment. However, they did not change mating investment in relation to female mating status.
It may seem surprising that males would estimate and invest strategically in response to the amount of sperm stored but respond indifferently to whether females have mated or not. However, at least under seminatural conditions it has been shown that all P. cognata females mate with at least two males prior to oviposition (Engqvist and Sauer 2003b) . Males may thus always anticipate sperm competition. Hence, in a promiscuous species, female mating status may tell males little about the ultimate level of sperm competition risk and it may therefore be inadequate to respond to it (Engqvist and Reinhold 2005) . Consequently, the amount of sperm already stored by females give a better indication of sperm competition than female mating status. I therefore tested whether males are able to assess and respond to differences in the sperm amount stored by females in a previous copulation with rival males. For this purpose female sperm storage was experimentally manipulated by controlling copulation duration, as copulation duration is a good indicator of female sperm storage (Engqvist and Sauer 2003a) . Focal males were not present at the initial mating and were therefore not able to assess copulation duration directly. Females did not differ in any other respect than previous copulation duration and thus the amount of sperm stored. Therefore, these results clearly reveal an unprecedented ability of males to quantify the number of rival sperm stored by females from a previous copulation.
These results complement several other studies demonstrating strategic male mating investment in relation to the risk and intensity of sperm competition (Wedell et al. 2002; Engqvist and Reinhold 2005) . The risk of sperm competition have been demonstrated to be estimated by males through the presence of other males (e.g., Gage 1991; Zbinden et al. 2003; delBarco-Trillo and Ferkin 2004) , the direct observation of females copulating (e.g., Nicholls et al. 2001; Olsson 2001) , female mating status (e.g., Cook and Gage 1995; Wedell 1998; Wedell and Cook 1999; Martin and Hosken 2002 ; but see Engqvist and Reinhold 2006) , or the direct detection of foreign sperm in the female genital tract (SivaJothy and Stutt 2003) . In a number of studies, males have also been shown to modulate ejaculate size in response to the expected intensity of sperm competition (e.g., Simmons and Kvarnemo 1997; Schaus and Sakaluk 2001; Pilastro et al. 2002; Pizzarri et al. 2003; Smith et al. 2003; delBarco-Trillo and Ferkin 2006) . In most of these studies, males respond to differences in the perception of number of males present nearby as a measure of expected immediate sperm competition intensity.
Only two other studies have examined male response to differences in the amount of sperm stored by females (Cook and Gage 1995; Wedell and Cook 1999) . In these studies of sperm allocation in the Lepidopteran species Plodia interpunctella and Pieris rapae, differences in sperm storage were caused by manipulating the mating history of the males used as female initial mating partners (Cook and Gage 1995; Wedell and Cook 1999) . Differences in sperm amount were thus relatively large (i.e., in comparison with the present study). In contrast to the present study, however, these studies revealed an increase in male sperm allocation in response to an increased number of competing sperm (Cook and Gage 1995; Wedell and Cook 1999) . One reason for this discrepancy may be differences in the pattern of sperm precedence between the study species, which may have a huge impact on optimal sperm allocation Engqvist and Reinhold 2006) . The sperm precedence pattern of both P. interpunctella and P. rapae seems to follow a bimodal distribution with predominantly second male sperm precedence (Cook et al. 1997; Wedell and Cook 1998) in contrast to the fair raffle of sperm in the scorpionfly used in the present study . Another, perhaps more intriguing explanation, could be that the range of sperm competition intensity faced by males possibly differed between the studies. In Parker's (1996) original model, sperm competition intensity varied in discrete units between zero and several competing ejaculates, which is a reasonable assumption for external fertilizers. This model predicts that males should maximize sperm allocation in raffles with exactly one competing ejaculate and spend a decreasing amount of sperm with increasing sperm competition intensity above this level (Parker et al. 1996) . The situation in the present and similar studies (i.e., Cook and Gage 1995; Wedell and Cook 1999 ) is slightly different, as males faced sperm competition with one other ejaculate of varying size. In a recent theoretical study, Engqvist and Reinhold (2007) found that when males compete against ejaculates of different size, the optimal male response will strongly depend on the size of the male's own sperm reserve. Thus, depending on the range of sperm competition intensity faced in competing ejaculates, one may expect both a positive and a negative relationship between the size of competing ejaculates and sperm investment. Therefore the decrease in investment with increasing sperm competition intensity found here and the increase found in other studies (Cook and Gage 1995; Wedell and Cook 1999 ) may both well be compatible with predicted optimal sperm allocation (Engqvist and Reinhold 2007) . A negative relation between male sperm allocation and the size of competing ejaculates will be expected when competing ejaculates are relatively large compared to the focal males' own ability to produce large ejaculates (Engqvist and Reinhold 2007) . In the experiment presented here, well-fed males were used to generate competing sperm amount. The long copulations of these males are equivalent to a saliva amount well beyond what the resource-limited males had available in their salivary glands during the test. Therefore, these situations are likely to correspond to a high intensity situation causing a reduction in male mating investment.
The present study does not reveal how males may determine female sperm storage. Extraordinary pairing preludes, lasting for up to seven hours, have been reported for this species (Engqvist and Sauer 2002a) . During this time, males often repeatedly obtain genital contact with the females, and copulation initiations without any such contacts are extremely rare. At least it seems highly imaginable that males use the prolonged pairing preludes to gather information about female sperm storage. In bedbugs, sensillae on males' intromittent organ give information on the presence of competing sperm (Siva-Jothy and Stutt 2003). However, male scorpionflies do not possess an intromittent organ that will enable such an access to females' sperm storage organ for direct sperm assessment. Nevertheless, previous female mating extent may modify several other female traits including olfactory changes (Simmons et al. 2003; Carazo et al. 2004) , behavioral changes (Dickinson and Rutowski 1989) , and even internal morphological changes (Crudgington and Siva-Jothy 2000) are possible. For instance mating is widely known to affect female receptivity (see, e.g., Wedell 2005) , and sperm amount received in previous matings have been shown to affect female willingness to mate (e.g., Cook and Gage 1995; Proshold 1995; Aisenberg and Costa 2005) . Possibly, males are able to use these potential signals revealed during male courtship as indicators of female previous mating history and sperm storage (see for instance Friberg 2006; Carazo et al. 2007 ).
This work highlights two important issues. First, it demonstrates that sperm resource-limited males respond to an increased number of competing sperm by a decreased investment in matings. To be able to perform this prudent response, however, males must be capable of a more precise assessment of competing sperm amount than previously assumed. Thus theoretical models allowing a more precise estimation of sperm competition intensity may be required. Also in the field of sensory biology, future research may focus on the type of information males use to assess sperm competition intensity.
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